Experiment on liquid and supercritical CO2 distribution using micro-focus X-ray CT for estimation of geological storage  by Uemura, Suguru et al.
Available online at www.sciencedirect.com
Energy  Procedia  00 (2010) 000–000 
Energy
Procedia
www.elsevier.com/locate/XXX
GHGT-10
Experiment on liquid and supercritical CO2 distribution using 
micro-focus X-ray CT for estimation of geological storage 
Suguru Uemura
a
1*, Ryoto Kataoka
a
, Daichi Fukabori
a
,
Shohji, Tsushima
a
, and Shuichiro Hirai
a
aTokyo Institute of Technology, 2-12-1 Ookayama, Meguro-ku, Tokyo, 152-8550, Japan 
Elsevier use only: Received date here; revised date here; accepted date here 
Abstract 
Carbon capture and storage (CCS) is a global challenge to the mitigation of global warming and climate change. Geological 
sequestration is an immediately available and technologically feasible method to achieve a substantial reduction in the carbon 
dioxide (CO2) emissions to the atmosphere. The density of CO2 is less than that of water, and therefore, injected CO2 migrates 
upward in the aquifer owing to the buoyancy force. Therefore, geological storage techniques require a mechanism that will 
prevent the upward migration of the injected CO2 and a highly impermeable layer (caprock structure) is generally employed to 
prevent CO2 leakage from the storage reservoirs. The evaluation of the storage site and the assessment of CO2 leakage risks and 
storage costs are difficult. The present study was aimed at clarifying the fundamental mechanism of CO2 migration in a reservoir. 
The behavior of CO2 in water-saturated sandstone was observed by microfocus X-ray computed tomography (CT). 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
Human activity since the industrial revolution has lead to an increase in the atmospheric concentrations of carbon 
dioxide (CO2) from fossil fuel combustion, and the greenhouse effect of CO2 has unequivocally induced climate 
change [1-3]. An important technology used for CO2 reduction is carbon capture and storage (CCS). In this 
technology, CO2 from large stationary sources (e.g., fossil-fueled power plants, cement manufacturing plants, etc.) is 
captured and then stored underground. Geological storage is considered a technically feasible method for CO2
mitigation because it is based on enhanced oil recovery (EOR) technology, the physical infrastructure of which can 
be adapted to CO2 storage.  
In recent years, field tests of CO2 geological storage have been performed in many parts of the world [3]. 
Candidate sites for CO2 injection include geological formations such as deep coal seams, depleted hydrocarbon 
reservoirs, and deep saline aquifers. Oil reservoirs where hydrocarbons have been trapped in past geological times 
are preferred owing to their proven seal, but deep saline aquifers will be used in Japan. 
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Because the density of CO2 is less than that of water, CO2 migrates upward in the aquifer owing to the buoyancy 
effect. Therefore, all geological storage techniques require some mechanism for preventing the upward migration of 
the injected CO2. A highly impermeable layer (caprock structure) is generally employed to prevent CO2 leakage 
from the storage reservoirs. However, the effectiveness of CO2 trapping technology using the caprock depends on 
the natural geological structure. Caprock structures exist only in a few sites in areas around Japan and these are far 
from CO2 emission sources. Further, CO2 leakage can also occur through cracks in the caprock structure. 
As described previously, there are still problems in the application of this technology: estimation of storage 
potential, risk of CO2 leakage from the storage reservoirs, and storage cost. These difficulties are caused by the 
complexity of the CO2 migration process in the reservoir. The CO2 migration in the reservoir is a two-phase flow in 
a porous medium [4] and varies with the specific characteristics of each reservoir, such as, porosity, pore and throat 
diameter, and wettability. In addition, the two-phase flow in aquifers is much less characterized than in petroleum 
reservoirs and there is normally no proof that the caprock is perfectly impervious. To resolve these problems, 
appropriate methods are needed to evaluate the stability and the acceptable amount of injected CO2 so that aquifers 
can be used as reliable, long-term CO2 sequestration sites and can prevail as geological storage sites worldwide. 
The present study was aimed at clarifying the fundamental mechanism of CO2 migration in the reservoirs by 
observing the CO2 injection process and its behavior in sandstone by microfocus X-ray computed tomography (CT).  
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Figure 1 Schematic view of geological storage. 
2. Experimental apparatus  
The experimental apparatus consisted of two main parts: the pressure control (injection) part and the X-ray 
fluoroscope (observation) part. Figures 2 and 3 show the experimental apparatus and its components. 
The sandstone is set in the sample holder in accordance with the required spatial resolution. CO2 was injected 
into sandstone under high pressure. The injection process and pressure in the vessel were controlled throughout the 
experiment by a pressure control cylinder and back pressure regulating valve. Pressure in the apparatus can be kept 
at 7.5 MPa, which is the same condition as a saline aquifer at 750 m depth. A syringe pump was employed to inject 
CO2 into a water saturated porous media. For supercritical CO2 injection, the vessel and inlet line were immersed in 
a constant-temperature bath, kept at 40 oC.
The X-ray fluoroscope part acquires fluoroscopic X-ray images by rotating the sample holder and is shown in 
Figure 2. Three-dimensional CT reconstructed images are obtained nondestructively and noninvasively [4]. The 
sample holder was positioned on the rotating table of the micro-focus X-ray CT. In order to simultaneously achieve 
high-pressure resistance and adequate X-ray transmission, the sample holder is made of titanium alloy with a wall 
thickness of 3.5 mm. The sample holder was positioned on the rotating table of the micro-focus X-ray CT. The 
settings of the X-ray CT are shown in Table 2. 
Brea sandstone was employed as the porous sample. The diameter and length were 50 mm and 140 mm, 
respectively. The permeability of the Berea sandstone was 300 mD and the average porosity was 16.4 %. The 
sandstone was baked at 350 oC for 6 hours to remove any organic components. 
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Figure 2 Experimental apparatus. 
     
Figure 3 (left) Microfocus X-ray computed tomography, (middle) high-pressure vessel on turntable, and (right) 
Berea sandstone. 
Table 1 Parameters for X-ray CT scanning. 
Parameter Value
Tube current 400 mA 
Tube voltage 170 kV 
Spatial resolution 140 m/voxel 
Table 2 Physical properties (obtained from W-PROPATH Web page. Temperature of pure water is 
27 °C; liquid CO2, 27 °C; and  supercritical CO2, 42 °C. Pressure is 7.5 MPa.). 
Parameter Water Liquid CO2 Supercritical CO2
 [kg/m3] 999.85 734.08 222.44 
 [Pa·s] 0.578  10-3 0.061  10-3 0.021  10-3
 [mN/m] 30* 37*
*Hebach, A. et al. 4
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3. Experimental procedure 
The key steps of the experiment are as follows. First, X-ray CT images of the dry sample at atmospheric pressure 
and the CO2 saturated sample at 7.5 MPa were acquired before filling the vessel with water. Next, the experimental 
apparatus was filled with water and CO2-saturated water injection was continued at a high back pressure of 7.5 MPa. 
Sodium iodide (NaI) was dissolved in water as a contrast agent to show the contrast between water and CO2 in the 
CT images. The concentration of NaI was 25 mass%. Then, CO2 was injected into the sample at a constant flow rate 
by a syringe pump and CT images were acquired after each specific amount of injection. 
Reconstructed images were visualized and analyzed by VGStudio MAX (Volume Graphics) and MatLab (The 
MathWorks, Inc.). To obtain porosity and CO2 saturation maps, six images are needed: water saturated and dry 
sample holder without the sandstone, water and CO2 saturated sandstone (the core is filled with CO2 at reservoir 
conditions), dry sample, and experimental images at steady state. The porosity and CO2 saturation are then 
calculated for each voxel using the following equations [5]. 
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4. Results and discussion  
The distributions of the liquid and supercritical CO2 saturation are shown in Figure 4. Figure 5 indicates slice-
averaged porosity and saturation as a function of sample height. Liquid and supercritical CO2 were injected into the 
same core in each experiment. The employed cores were exactly the same in both experiments and contained thin 
beddings perpendicular to the axial direction. The injection rate of CO2 was 1.0 ml/min which is a condition close to 
that of the actual injection well. 
The CO2 permeates a specific area of the porous media in the early stages of the injection. The striped patterns of 
highly saturated areas fit the distribution of beddings, and the supercritical and liquid CO2 distributions show 
different patterns before reaching the steady state. However, after 2.0 PV injection, the CO2 saturation in both the 
liquid and supercritical states shows a similar distribution, and most of the sandstone is saturated by CO2.
In Figure 5, a strong correlation exists between porosity and CO2 saturation, and the trends of CO2 saturation in 
liquid and supercritical states are quite similar to each other. The slice-averaged CO2 saturation is extremely 
sensitive to changes in the slice-averaged porosity. A porosity fluctuation of only 1 % causes over 10% change of 
CO2 saturation. On increasing the CO2 injection volume from 0.5 PV to 2.0 PV, the slice-averaged CO2 saturation in 
the lower porosity region significantly increases, more than in the higher-porosity region. It is considered that the 
sample beddings with lower-porosity prevent CO2 invasion due to a capillary effect [6]. Higher-porosity beddings 
are preferentially saturated and finally, the supercritical and liquid CO2 indicate similar slice-averaged saturations: 
SSCO2_ave = 38% and SLCO2_ave = 33%. 
The CO2 storage potential in porous media is calculated as the product of porosity, saturation, and CO2 density. 
In this study, the slice averaged saturations of liquid and supercritical CO2 show approximately the same trend in the 
identical sandstone core samples, while the density of the liquid CO2 is higher than that one of the supercritical state. 
Thus, these results indicate that liquid CO2 has advantages as an injection CO2 phase for geological storage from the 
viewpoint of the low buoyancy effect and storage potential. The effect of viscous resistance should be discussed 
further. 
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Figure 4 Distribution of CO2 saturation in a sandstone. Supercritical (left) and liquid (right) CO2 were injected. PV 
is the pore volume of the sample. 
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Figure 5 Slice averaged porosity (top) and CO2 saturation (bottom) as function of sample height 
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5. Conclusion  
The behavior of CO2 in water-saturated porous media under saline aquifer conditions was studied by microfocus 
X-ray CT. A three-dimensional reconstructed image of CO2 distribution in Berea sandstone was obtained 
experimentally. The permeation processes of liquid and supercritical CO2 in Berea sandstone were observed at a 
high resolution (sample diameter of 50 mm and resolution approximately 140 m). Results indicate that the CO2
saturation showed quite similar distribution in both the cases. The experimental data also suggest that protection 
against leakage and the CO2 storage potential in reservoirs would be improved with liquid phase CO2 injection in an 
appropriate geological structure. Further research on the flow dynamics of CO2 migration using other sandstone core 
samples (less bedding structure or different porosity) will provide better understanding of these processes and will 
help assess the risk of leakage and estimate the accurate CO2 storage potential. 
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